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NATIONAL ADVISORY COXP!ITT3E FOR AERONAUTICS

. ,.. . TECHNICAL MEMORANDUM No. 1095

WI ND- TUNNl!lLINVESTIGATION 02? THE HORIZONTAL

MOTION OF A WING NEAR THE GROUND1

By Y. M, Serebrisky and S. A. Biachuev

BY the method of images the horizontal steady motion of
a wing at small heights above the ground was investigated in
the wind tunnel, A rectangular wing with Clark Y-H profile
was tested with and without flaps. The distance from the
trailing edge of the wing to the ground was varied within
the limits 0.75 ~; < 0.25. Measurements were made of the
lift, the drag, the pitching moment, and the pressure distri-
bution at one section. For a wing without flaps and one with
flaps a consider~ble decrease in the lift force and a,drop in
the drag was obtained at angles of attack below stalling.
The flow separation near the ground occurs at smaller angles
of attack than is the case for a great height above the ground.
At horizontal steady flight for practical values of the
height above the ground the maximum lift coefficient for the
wing without flaps changes little, but markedly decreases
for the wing with flaps. An?lysis of these phenomena in-
volves the investigation of the pressure distribution. The
pressure distribution curves showed that the changes occur-
ring near the ground are not equivale~t to a change in the
angle of attack. At the lower surface of the section a very
strong increase in the pressures is observed. The pressure
changes on the upper surface at angles of attack below stall-
ing are insignificant and lead mainly to an increase in the
unfavorable pressure gradient, resulting in the earlier occur-
rence of separation. For a wing with flaps at large angles of
attack for distances from the trailing edge of the flap to thp
ground less than 0.5 chord, the flow between the wing end the
ground is retarded so greatly that the pressure coefficient
at the l~wer surface of the section is very near its limiting
value (P = 1), and any further possibility of increase in the
pressure is very small. In the application an approximate
computation procedure is given of the change of certain aero-
dynamic characteristics for horizontal steady flight near
the ground.

..,,

lReport No. 43’7, of the Central Aero-Hydrodynamical
Institute, MOSCOW, lg39.
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INTRODUCTION

During recent years many papers have appeared which are
devoted to the study of the ground effect on the aerodynamic
Ch8,raCteristiCS of the airplane. !l?hesubject is of special
interest because of its bearing on one of the most important
problems of aerodynamics: namely, the landing and the take-
off of an airplane. The main body of the investigations is
concerned with the study of the horizontal steady motion near
the ground. Such study cannot, of course, provide an answer
to all questions arising in the solution of the above-mentioned
problem. While, for example, for computing the magnitude of
the induced drag in take-off it is still possible to use the
scheme of horizontal steady flight near the ground this
simplified scheme cannot be used in determining the landing
speed, since there is the additional effect of rotational
motion of the airplane that leads to the start of flow sepa-
ration and unsteady flow as the airplane nears the ground.
Both these factors result in an increase in the lift co-
efficient in landing. (See references 1 and 2.)

Together with the investigation being conducted at
present of the unsteady parts of the landing pa,th of the
airplane, it was decided to supplement the existing data, on
the horizontal steady motion of a wing near the ground by an
investigation of the. case of small heights above the ground
for wings with and without flaps. It was necessary also to
clarify the question as regards the increase in the maximum
lift coefficient for horizontal steady flight near the
ground. The opinion exists that in the case of horizontal
flight parallel to the ground where the heights above the
ground are very small, a considerable increase in the lift
force occurs at all angles of attack. As the present in-
vestigation has shown, however, a considerable increase in
the maximum lift does not occur even when the height above
the ground is small, although at small angles of attack the
lift increases very appreciably. For the case of the wing
with flaps at all heights frqm the ground there is a decrease
in the maximum iift. It must again be emphasized that the
writer is concerned with horizontal steady motion near the
ground and not with landing, for’ which the greatest change
is undergone by the portion ~f the polar curve near the
maximum lift coefficient due to the etart of the separation
process.

The tests were conducted by the Itmethod of imagesil on a
model 0$ a rectangular wing (with and without flaps). For
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wing together with the nea.surement of lift, drag, and
t of longitudinal stability the pressure distribution
the wing section near the ground also was found.
“sis of the pressure distribution curves explains the
s of the cha.nqe in aerodynamic characteristics of the
at horizontal steady flight near the ground.

NOTATION

angle of attack of wing

angle cf attack corresponding to zero lift

wing chord

wing span

ratio Of K,aXiiliU1;;thickness of profile to chord

sspect rr.ti.oof wing

aagle of deflection of flap

velocity of un+.isturbed fl~w in wind tunnel or flight
velocity of airnlane

i;ass density of z,ir

distance along chord from leaciing edge

tangent of an~:le of inclination of lift curve for
a wing cf infinite span

nonili~lensional pressure coefficient

distance froti the axis of bound vertex of wing to ground

distance from tr~iling edge of wing to ground

distance from trailing edge of flap to ground

local ncrual fnrce coefficient

lCJCP.1 1101’m?lfOrCEj coefficient fOr 10Wer Surface fIf
profile
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c Zu local ncrnal force coefficient for upper surface of
profile

at w ~ngle of ~.ttac’kof lower wing

a,
Uw angle of attack of upper wing

TEST PROCEDURE

In the CAHI T-5 wind tunnel having an open-work section
and a fli[~..rileterof the jet at the work section of 2.06 milli-
meters ~ests were conducted by the method of images on a
~odel of--a-riectangul,ar wing. Two identical wing models
1000 by 200 millimeters were ~repared. A Cl(ark Y-H profile
with relative thickness h = 0.12 was chosen. One of the
nodels (the lower one) was suspended on a six-component
balance, the other (the upper) was not connected with the
suspension system. The upper wing was located with respect
to the lower wing as required by the method of images, that
is, such that the upper and lower wings formed a symmetrical
system witkl respect to n center plane passing between them
corresponding to the plane on the ground. For the test a
special setup was used that had been previously applied in
the investi<i>,tion of the case cf great height abcve the ground.
(See z’eference 3.) ‘The lower win< was displ~.ced downward from
the tunr,el axis by 150 millimeters. The angle of attack of
the up~:er wing was controlled by an optical goniometer.
Durin# the test the distance between the trailing edges of the
upper nnd lgwer wings WS,S ineintained const~.nt while the angles
of attack were varied. The tests were conducted for six
different distances between the trailing edges (table I):

TABLE 1

F ‘“
300 200 LOO 50 25 10

(::)

~ 0.75 .0.50c 0.25 0.125 0,0623 0.025

Further, to the wings were also attached zap flaps, having
a chord. 30 percent of the wing chord and a 60° angle of flap
deflection. In the tests with the flaps the distpnce (2s1)
between the trailing edges of the cpen flaps was maintained
c?nstant. Five distances between the trailing edges of the
flaps were investigated (table II):
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TABLIl II

.,.

+- ‘“
300 200 100 50 25

(%$

~ 0.’75 0.50 0.25 0.125 0.0625
c

The distance 2s1 = 10 millimeters could not be inves-
tigated since the strong jolting of the wings made it impossi-
ble to obtain sufficiently good measurements of the values of
the aerodynamic forces.

In the tests the lift force, the drag, and the pitching
moment were mea,sured with respect to the nose of the profile
at various angles of attack and various heights above the
ground for the flapped and unflapped wings.

Together with the measurement of the forces and moments
for the tests with and without flaps, the pressure distri-
bution at one section of the upper wing was obtained over the
surface of the profile. The section was taken at the distance
100 millimeters (0.2~j from the middle section of the wing

in order to avoid the effect of the supports. For the wing
without flaps at the surface of the profile 24 points were
chosen at which the pressures were measured, For the case
of the wing with open flaps 4 additional points were taken
at the lower surface of the flap (fig. 14)0 Also, all the
characteristics of the isolated wing corresponding to the
case 2s = cc and 2sl = = were obtained.

In analyzing the test results, the mean downwash of the
wind-tunnel flow was taken into account. This correction
was introduced a,lso in the setting angle of the model of the
upper wing. l?or the isolated wing the induction of the wind
tunnel was taken into account in the usual manner, For the
mirror reflection the computations showed that the correction
on the induction of the wind tunnel was very small and could
be neglected (reference 4). The tests were conducted in
February 1938.

5



NACA TM NO. 1095

LIl?T, DRAG, AND MOMENT OT” LONGITUDIIJAL STABILITY~ -. .,-. —)
Wing without Flap

Figure 1 gives the curves of the lift coefficient against
angle cf attack, Each of the curves corresponds to a fixed
distance between the trailing edges of the wings. Judging
by the obtained test results, the change in the lift force
in hcrizont,al steady notion very near the ground as compared
with flight far above the ground reduces essentially to the
following:

(a) There is P. change in the angle of r,ttack correspond-
ing to zero lift. I?or + > 0.5 this ch~nge is very small
and may be essentially neglected. This shows that for these
dist~.iices a’oove the ground the effect of the profile thick-
ness is S::iall. Furthermore, with decrease in the distance
2s the displace~ient cf the an~le of zero lift be~ins to
increa._serapidly and for $ = C.125 for the given profile

&w.th h = C.12 it attains a value ap13roxiuately equal to
2 (fig. 1),

(b) I?’or siiall m:les of attack near that corresponding
to zero lift there is a certain decrease in the lift as com–
parecl with its values for the isolated wing, However, further
on and up to angles i,;:ifiedi,atelypreceding the start of sepe.-a-
ticn, there is a very considerable increase in the lift: “

(C) At suall va,lue~ of CL ,~ith decrease in s there is
a, c~nsiderz,ble incre~.se in the deriv~+.~ve d% /da and, for
exampl~ for CL = (3C for ; = 0.25,

d-’L
>E- = ‘7.96, while for

the isolated wing ~z~ = 3.73.

(d) For ~ = 4 - 12° the increase in the lift force co–
efficient ACL depends little on the angle of attack.
Below is given the mean values of the increments in the
above-mentioned range of angles of attack:

.-, — = .-. .-— -. .,-, .....- ___

~
c 0.75

~<–--..-T ...-._____ O:;; ~.i:;;, 0*025

0.50 0.25 - r

ACL 0.105 0.145 0.220 0.295 0.380 0.475

1
lThe comparison with the approximate theoretical com-

putation is given in appendix I.
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(e) The change in the maximum lift coefficient differs
very &rea,tly from the changes in the lift coefficient at
Ilmediumllangles of attack. Figure 2 shows the variation of
ACLhlaX with ~, where AG}ma.x is the increment of the

maximuu lift coefficient. ‘“l?or~ > 0.175 there is a. small
decrease in C1max. This drop at comparatively large dis–
tances has been confirr.~ed by a large number of other tests.

(See references 5 and 3; ) During the flow of air be-
tween. the wing and the grcund there is an increase of pres-
sure at the lower surface of the profile, and for very small
distances this incree.se in pressure is very large. At
mediufi angles ~f attack it leads directly to a gener(al in—
crease in the lift. Simultaneously, however, with an in-
crease in the pressure at the lower surface there is a.de–
crease in the pressure at the upper surface near the leading
edge and an increase in the unfavorable pressure gradient
which leads to an earlier flow separation near the ground.
At relatively large distances (: 5 0.175) the increase

in pressure on the lower surface cannot entirely compensate
for the sharp increase in pressure at the upper surface due ‘-
to the early separation and for this reason a sL~all dr~p in

cLl~ax is obtained. If the distances are small, however,
(: < 0017’5) the increase in pressure e.t the lower surface is

s~ large that it covers the increase in pressure at the
u:~per surf~ce notwithstanding the fact that the separation,
as before, ste,rts crjnsiderably earlier than in the case of
the isolated wing. Thus, for the case cf very suall dis–
tances to the ground CL uay sonewhat exceed cLmax of

the isclated. wing although at the upper surface the flow
will already be entirely separated.

The ebcve–r~entioned facts are illustrated. with suffi-
cient clearness by the pressure distribution picture which ‘
is given be~owO In ,general, however, it may be said that
judging by the tests in the wind tunnel for all practical
values of the distance from the wing to the ground, the
maximuc, lift coefficient for steady horizontal flight near
the oround varies little, although at medium angles of
atta~k a considerable increase in the lift force is observed.

The curves of CL
c

against ~ for various angles have
a ve~y chara~t.eristic appearance. (See fig. 3.) For a =
2–12 and —~ --+ m; that is, fcr s--+-O the value of CL
approaches asymptotically a certain finite value. (See refer–
ence 1.) For neqative u with decrease in the distance the
v~,lue of

CL drops sharply. At these angles, owing to the

7
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ll~enfjurilt effect, very large forces are produced pushing
both models toward each other, so that for very small
distances the test could not be conducted since the models
Ilhitll against each other.

Figure 4 gives the curves of CD against u. For medi-
um angles of attack there is a great lowering of CD as com-

pared with its values for the isolated wing. On approaching
the critical angles, the difference in the drags decreases and
at angles near the critical, the curve CD for a given s -
intersects the CD curve of the isolated wing. This is ex-
plained by the earlier separation of flow near the ground.
There is further observed a considerable increase in the drag.
The angle of attack corresponding to the minimum drag in-
creases. ‘The polars given in figure 5 show that,,near the
ground a very great increase in the wing efficiency.i& obtained.

To estimate the order of the error obtained in determin-
ing CD and CL due to incorrect mounting of the upper wing,
Special te$t$ were conducted in which for a fixed v~lue of the
angle of attack of the lower wing, the angle of attack of the
upper wing was measured within the range Uuw = a?w * 2°.

The greatest effect of the incorrect mounting of the upper,
wing was found at angles near the critical for small distances.

The results for a = 14° for 2s = 100 millimeters are
shown in figure 60 The error in the angle of attack setting
of the upper wing was less than *0,5°~ On figure 6 (dotted
curves) are shown the small errors in the values CD and CL.
For more stable conditions of flow these errors are consider-
ably less,

I’igure 7 shows the curves of the pitching moment with
respect to the nose of the profile for fixed values 2s
against the angles of attack. The change of these curves for
small and inedi,umangles of attack with decreasing distance
from the ground to a large extent resembles the variation CL

with u. There is a displacement to the right of the angle
of attack corresponding to CM = o and a considerable in-
crease in c$7 at medium angles of attack. Moreover, in
connection with an increase in pre$sure at the rear half of
the profile the increase in the moment with respect to the
profile nose occurs also at large angles of attack, that is,

‘–’—=~~a.ngle was control ed with th-e aid of an optic al
goniometer. The range ko.5~ iS to be taken with reserve.

a
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even at those angles for which the flow of the upper surface.
“Is”alre”ad’y’separtit”ed”. At these angles there is a rearward
displacement of the center of pressure. The curves of CL
against Cm (fig. 9) give a very small change as compared
with the case 2s =m .

Wing with “Flaps

For all curves for 6f = 60° one general property is noted:
namely, in passing from 2SJ =- to 2SI = 300 millimeters
a very considerable change in the aerodynamic characteristics
occurs. A subsequent decrease in the distance gives relatively
smaller change in the characteristics.

In the case of the wing with flaps the change in the lift
curves (fig. 9) reduces to the following:

1. For angles of attack below stalling there is a parallel
displacement of the curve of CL against a to greater values

of the lift coefficient.

., The value of the maximum lift coefficient for horizon-?
tal steady flight near the ground of the wing with flaps is
considerably lowered for all investigated distances above the
ground. The maximum of the lift coefficient curve is dis-
placed toward smaller angles of attack.

The maximum decrease in cLmax occurs in passing from
2s1 = m to 2s1 = 300 millimeters, but the further changes
in CLmax are small. This result agrees well with the
measured pressure distribution. At large a~.gles of attack for
2s1 = 300 millimeters the pressure coefficient ~ at the
lower surface differs little from 1=1; that is, the flow
is almost entirely stopped. There remain only very small
possibilities for further increase in the pressure at the
lower surface. For this reason, however., small the distance
between the trailing edges of the flaps, this small reserve
of a possible increase in the pressures on the lower surface
cannot, of course, compensate for the drop in lift resulting
from the earlier flow separation on the upper surface due to
the increase in the unfavorable pressure gradient.

Figure 10 shows the chan~e in the drag coefficient of the
wing with the flap. There is a considerable decrease in the
drag at the angles of attack below stalling. After the

9
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occurrence of separation there is a sharp increase in the

5$
ag of the wing. At small angles of attack the magnitude

SWr ““n” considerably decreases.
-da On figure 11 are constructed

the polars for the wing with flap showing as in the case
with the wing w,dthout the flap a very considerable increase
in the efficiency.

The &urves of the moment coefficient against the angle
of attack (fig, 12) give for ver?~ small distances a rather
large scatter. This is explained by the vibrating of the
model and the inaccuracy resulting from this in measuring
the force applied to the tatl support. In contrast with
the curves of Cm against G for the wing without flaps in
the given case; that is, for the wing with flaps there is a
decrease in the maximum value of Cm. Thi6 fact, like the
drop in cLmax$ is associated with the fact that the pres-

sures at the lower surface are near the dynainic pressures
and their range of further change is restricted. Thus the
drop of the maximum value of, Cm is explained by the con-

siderable drop in the force CL at a relatively small rear-
ward displacement of the center of pressure. The curves of
CL against Cm (fig. 13) show only small changes as com-

pared with the case of flight far above the ground.

PRESSURE DISTRIBUTION

The pressure distribution was determined parallel with
the main tests on the force measurement. The pressures were
measured on the upper wing at one section at a distance of
100 millimeters (0.2 ;) from the middle section of the wing.
Figure 14 Show$ the Scheme of orifice location ~,t this sectionO
The distances x for the points at which the pressures were
measured are given in table 3:

TABLE 3
1.,1 d t I 1

1’ I I

Points 1

t-

21 3 Q 5 6 7 g g 10 11 12 13 14”. .

“(m=) 1 4 g 17 30 60 ‘0 10Q 120 140;
160 185 175 165.5

Points 15 16 17 1$3 19 20 21 22 23 24 25 26 27 2g
—

157 148
(m:)

128 107 100 60 30 17 9 k 1.7b ls2..~ 19? 198
~..=
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The pressures were measured at 24 points on the surface
- of the Wrofile ~.,nd at 4 points on the outer pe,rt of the flap,

Thus in the tests with the flap point ITo. 13 was located be-
tween the wing and the flap. The reading of the pressures at
all pc,ints was ccnducted with the aid of a tiultiple riiononeter.
The me~suretients wore evaluated by the formula

where 121CC is the local pressure at the surface ~f the

profile and p*t is the static pressure nutsi!?.ethe flow

assuued equcl to the static pressure in the. flow.

On all pressure distribution curves the values of the
nondirilefisional pressure coefficient : on the ul)per and
lower surfaces f!f t?le wing were laid off. In fi,yures 15 to
19 are given the pressure distributions fcr four c,ngl_4gs of
attack (C~SG of the wing without flaps). Fcr a=

(fig. 15) a large force was prcduced which, impelled both
win<s trward each ether...> The coefficient 5 on the lower
surface a%taine~ lar~e negative vr,lues.

0
IJxauin,ntion of figures 16 and 17 (a = 6 nnd 10°) permits

drtawiil.:an irt,portant ccnclusi~n. It is ~enera.lly assui~!ed
thfit the effect !,f nearness to the ~r,>un~ is equivalent tr, a
ch~nqc in the true ~:ngle of stteck. This conclusion is
.arriveclat f-!11,?,na.lyzing, by the i[ieth~dof’ iii,ciges,the curves
<’f c

t
and CD :>,g<~i~st~ fcr relatively large distances

(; +). The ebt~.ined picture of the pressure distribution

shcws, hcwever, that the changes cccurrinq near the ground
are in nc wny equ.iv:+,lentto a cha,n~e in the a- of attack.
Fr~m fi~ures 16 and 17 it is—seen

—“.
that over the linear pcr-

ticn of tb.e change in CL on decreasing the %istance between

the sJodel.s,zn entirzly different pressure change is observed
on the U:)>er and lower surfaces than on increasing the angle
of attack. On the upper surface for these angles of attack
the pressure chgnges are insignificant and consist mainly c!f
a decrease in p nen,r the leading edge and an increase in ~
near the trailing edge. Over the entire lower surface there
is a very considerable increzse ifipressure. Thus , it is
seen thet the ground effect must not be cvnsiflered as equiva-
lent to a chan~e in the true angle of attack. AKreement in
the value of the lift with the formulas taking account only
of the effect of the vortex sheet of the upper wing (referent.—. es
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6 and 3) may be expected only for the case of large distances
~~ > 1), where in general the changes in the aerodynamic

,.. Char@.Cteristl cs zre not large. Thus , even for the approximate
conputatlon of the chan~~CT, the finiteness of the chord
and!-the thickness of the profil= must be taken into account.
The computations given in the appendix show

i
hat this nay le

done with sufficient accuracy only for :>3. As regards

the change In the drag for n>A it is necessary to take
3’

into account only the induce: drag. For below-sthlling angles
of attack good qualitative agreement is obtained.

I?igure 18 (a = 14°) confirms what has been remarked
abo~e with regard to the change in CLma~ in horizontal
steady flight near the ground. It is seen on this figure that
premature flow separation is obtained on the upper surface
w“hile on the lower surface there is a very sharp increase in
pressure. YGr + > o,175— this increase in the pressure can–
IIOt compensate ior th loss o-~fl~due o ~T.5.&3.e—r=t.1.6rrr.b.m

the upper surface,
.——

F~r & < 0,175 the incr%=~n=
~... —...

—.—.—.—--
pressures on the

—. —...
lower surface is so great that a small in–

crease In
f %

IS obt alned “F-aTe—d–-~~h~fi-~ --~”al~-----

‘~$–~f-rg~~~ c~ti-t; 1y s;p arai-ea

——. .—-,<.
~h—~le flow c—f~=pper surface

— —. —.— ,--—-—-----,%-,-—--”--.-=.---”-,.-’----“
; . ~planlmeterlng the

~urves ~f pressure distribution for all the an~les of attack
and distnn~cs investigated, the curves of locai normal lift
coefficients (Cz) against the angles of attack for fixed
values Gf 2s could be drawn (fig. 19). These curves give
qualitatively the same picture as the cur~~es of CL agsinst
a (fig. 1). The curves of the local ncrmal force coefficient
may be drawn separately for the upper surface (fig. 20) and
the lower surface (fig. 21). Figure 21 shows what a con-
siderable increase in the lift force is obtained as a re-
sult of the increase in pressure at the lower surface of the
profile. The breaks in these curves (fig. 20) correspond
to the start of flow separation at the upper surface;
while for small distances, when the gap between the wings
was small, separation at the upper surface gave essentially
only a small effect on the lower surface. It is here also
seen that with further decrease in the gap the value of
the local normal lift coefficient at the lower surface
(cz~s) approaches unity. Figure 21 shows that at angles
of attack below stalling for all distances, the changes
in the local norrna.1force c-oeffiaient at the upper sur-
face are small. The separation at the upper surface
starts earlier than for the case of flight far above the
groun&.

12
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2’igures,,22 ~.nd 23 show the pressure distribution for
.t.h~wi.lg wit!l flaps for a = –4° (fig. 22) and a = 6°
(fig. 23). In the region between the wing and the flap the
niessure was measured at only one point, and for this reason
it w~.s not possible on the curves to give the pressure distri-
bution of the parts corresponding to this region. This regicn
has only a small effect on the totnl vslue of the local normal
force coefficient ~.nd account is taken of it approximately by
tiaking use of the detailed investigation of the pressure
distribution for such profile. (See reference 7.) The
greatest c!l~.ngesin pressure occur in passing from the iso_
lated wins to the distance 2s1 = 300 riiillimeters. At the
upper surface near the leading edge the l}ressure decreases.

On fi~ure 23 it is seen that for a = 6° for the distances 2s1 = ~0
and 2s1 = 25 millimeters separation has already started. For this angle
of atte.rzkit is very clearly seen that the possibilities of further in-
creasing the pressures at the lower surface are not large. For example,
for 2s1 . 25 millimeters tQe pressure almost everywhere attains practi-
cally its limiting value (p = 1).

The curves of local normal force coefficient against
angle of attwck given in figure 24 were obtained by pla,ni-
metering the curves of pressure distribution. They cnnfirm
the qualitative results” obtained on the Basis of the curves
of CL against CL. In figures 25 and 26 these curves were
drawn se;>,~,ratelyfor the upper and lower surfaces. The s~ie.11
increase in c~us for angles of attack belGw stalling (fi~.
25) as compared with flight far above the qround is connected
with the fact thn.t the decrease in T near the leading edge
in the case-of flaps is not entirely compensated by the in-
crease in p ne?r the trailing edge. It is of int?rest to
note that at very s~,~ll distances the yalues of the 10cal
normal force c~efficient for the lower surface Czls depends
little on the angle of attack (fig. 26).

CONCLUSIONS

1. In the case of horizontal steady flight at small
heights ?bove the ground a“ below stalling angles of attack
the lift force very ccnsidera.bly increases and the drag de-
creases. An exception occur’s in the case cf negative and
small Positive a,ngles for which owing to an effect analo-
gous to the ~lventuri tube!! effect, a considerable force is
produced th~t’ draws the wing to the ground.

13
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2. In horizontal flight ne~.r the ground the flow sepa-
ration at the upper surface occurs at smaller angles of at-
‘tack than in flight far above the gjroundo

3. Ycr =11 ~r~.ctical v~.lues of the distances above the
ground in horizont~l. stendy flight, the value of CLmax ‘f
the wing without flaps changes very little. This conclusion
must not, of course, be extended to the process of landing
of the airplane where, on account of the rotational motion of
the wing and the effect of the unsteady flow on approaching
the ground, an additional increase in the lift is obtained
mainly near the value of CLmaxs

4. l?or a wing with flaps there is likewise an increase
in the lift for angles of attack below stalling and a decrease
in the drag. The separation occurs at a considerably smaller
angle of attack than ia flight far above the ground,

5. For the wing with flap in horizontal steady flight
near the ground, there is a considerable lowering in CLmax.

6. Investigation of the pressure distribution for the
wing without flap showed that for angles of attack below
stalling on decreasing the distance above the ground, the
character of the pressure changes on the upper and lower sur-
faces is found to be quite other than on increasing the angle
of attack. At the upper surface the changes are slight and
reduce mainly to an increase in the unfavorable pressure
gradient leading to earlier flow separation. At the lower
surface with decrease in the distance there is a very sharp
pressure increase, which determines the obtained increase in
the lift.

‘7. For flight with fully opened flap it was found that
on decreasing the distance from the trailing edge of the flap
to the ground up to a value of the order of 0,5 chord for
angles of attack near the critical, the values of the pres-
sures at the lower surface on account of the very strong
retardation of the flow, are near the limiting value, that is,
the flow is almost entirely stopped.

El. The changes in the curves of C against CL bo’th
for the wing without flap and for the w!’ng with flap are
small as compared with flight far above the ground.

14



APPENDIX
>. ,.

Tt may..be assumed that the change in the aerodynamic
ch.aracteris~ics of a monoplane wing in horizontal steady
flight near the ground is determined by three factors:
(1) the effect of the system of free vortices of the reflect-
ed wing, (2) the effect of the width of the chord, and (3)
the effect of the thickness of the profile. Such consider-
ation is, of course, a first approximation in the solution
of the problem since the effect of the shape of the profile
is not taken into account. The proposed scheme of compu-
tation is to a considerable degree justified by the fact
that satisfactory agreement is obtained with the results of
experiment for distances from the axis ~f the bound vortex
to the ground H>~. The formulas are valid only for the
linear part of the lift curve CL against a. Let

ACL = ACLl + “La + “43
(1)

where

ACL the tot:~l correction which is added to the lift
coefficient of the wing flying high above the ground .

ACLI the correction for the effect of the’ systein of free
vortices of the reflected wing

ACLZ the correction for the width of the chord

“L3 the correction for the thickness of the. profile

1. Determination of ACL~:

%xsACLI = ~~- CL

where

‘llA

that is

ACLI = ---a~~---- CL
ll?b+ ao(l-u)

(2)

15



The values of u are given in figure 27. (See reference 6.)

7
“., , Determination of ACL=:

TO determine the effect of the width of the chord the
theory of the thin airfoil was applied. The solution is
considerably simplified if the first two terms of the series
are limited to giving the distribution of the circulation
over the chord.

The condition of equating to zero the normal velocity
along the chord may be written in the form

Vsin CI, + wl -+ w= = O

where WI is the norma,l velocity produced by the vortex
system of the wing at a cert~in point of the chord with the
abscissa x and w. the normal velocity at the same point
induced by the vort~x system of the reflected wing.

I
On satisfying this relation for two points (e.g.,

x= O and x = C) a system of linear equations may be
arrived at from which the two unknown coefficients for the
circulz~.tion series A. and Al are determined. Without

making all the intermediate computations, the formula for
determining ACL2 is given:

ACLa = r(’f- 1) CL (3)

where

r d
=, 1+#-2:-*’Y :0=4

e

The values of ‘YI are given in figure 28.

3. Determination of

where

/

—

k= 0.003 –:

ACL3 (reference 5):

ACL3 = – aokh

16
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/
The correction ACL3 gives a p“arallel displacement of the

C-L curve to the. right.

Figures 29, 30, and 31, show a comparison of the values
computed by these formulas with test results. The theoreti-
cal values of CL, obtained by formula (1), are given by the
continuous curves. In view of the fact that the theoretical curves
are drawn for fixed values of H while the test was conducted
for constant s, it WPS necessary to interpolate th ~ test
values (dot-dash). The comparison shows that for ;>0.5

the agreement obtained is satisfactory. For a,>o the
values of H are greater than the corresponding values of s.

2>4It may be shown that for ~ ~ the computation by formula (1)

gives satisfactory results.

On the same figures is given the coninutation according to
Wi.eselsberger in whi.c,haccount was t~keri only of the c.~rrec-
tion ACLl (dobted. curve). Bad agreeaent wzs ~bt&i~e3 with
exoeri.r~ent for the dis$a~ces Investip;%ted. The formula of
Wiese!.sberger may bs used only for ~>1.

The correction on the tin+:for ground effect is ve]~ difficult to
obtain in the cafleof small le?L@ts above the FY~JLlrldat ne[:~ti~’e~d s~”ll
positive an@es (in thi~ car.e—4°< ac 2°) where there ;L e:’.sathe
venturi tube effect, The change in the drag chicto ground effect for
angles M &ttaclcbelow st:~llin~nay be approx5roatelyaccounted for by
the fo_rmula I

ACD = Aa CL (5)

The computation by the above formula is conducted in the
following monner:

1. Construct the curves of CL against m for H = m

and for a certain fixed value of H by formula (l).

9.... Draw the polar of the wing for H = co.

3. Redraw the -,~ol,ar, For this purpose, determine what
equivalent increase in the angle of attack Au is obtained
in passing from the CL curve for H = -, to the CL curve
constructed “by formula. (1) i.f CL is constant. By multiply-
ing the rceasu?’ecl &a hy the corresponding CL there is

obtained ‘by i’ormula (5) the value of ACD, The point of the
polar taken for the sane CL to the left is displaced by
an amount eg,ual to 15c~.

17
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Figures 29, 30, and 31 show the comparison of the polars
obtained by formula (5) and the curves obtained by interpo--
lating the test for “the same H. There are also given the
pola.rs obtained by the Wieselsberger formula. The comparison
shows that for g >0.5 theagreement of the computation by

formula (5) withcex.periment for below-ste.lling angles is
sufficiently close.

For the case of the wing with flap the derivation of the
gener~l relations offers great difficulties. Here are given
empirical formulas obtained on the basis of the a;nalysis of
the res~lts of the test described above. They are tnue for
Ef = 60 for angles of attack below stalling.

0.145 --Q-
‘%

ACL = -.—-----------

0.275;+ 1
1

0.155 :-

aoo = CD
‘1--—-—-—- ----

0.41 : + 1
51

6f = 60°

(7)

II’orthe test here described these formulas give good agreement.

Tr~nslation by S. Reiss,
National Advisory Committee
for Aeronautics.
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